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ABSTRACT:  
Producing thermoelectric materials without energy-intensive processes is essential to reduce 
production costs and for wide-scale applications. Copper sulfides have recently been 
identified as new and promising environmentally friendly thermoelectric materials. Here, an 
economical synthetic route for the gram-scale preparation of  copper sulfide is developed that 
enables selective control of the copper oxidation state, in turn allowing the stoichiometry be 
tuned in order to optimise the thermoelectric characteristics of the product. Through this 
facile and scalable protocol, CuS, Cu1.75S, Cu1.80S, and Cu2S powders have been synthesised 
in conjunction with X-ray diffraction, X-ray photoelectron spectroscopy and Energy-
dispersive X-ray spectroscopy to verify the stoichiometry of each material. The as-prepared 
compounds were further characterised by thermoelectric measurements and the performance 
of a test generator module containing ten p-type Cu2S legs was subsequently investigated. 
Upon heating one side of the module to 70 ºC, the device produced an output voltage of 30.9 
mV and a corresponding power output of 3.4 µW, which is comparable to the power outputs 
of many of devices fabricated with expensive and toxic thermoelectric elements. This work 
presents a novel pathway for the development of low-cost thermoelectric devices by 
introducing a facile, tunable and high-yield CuxS synthesis procedure that may be readily 
adapted to other metal sulfides.  
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Metal sulfides have gained much interest as a new class of materials due to their unique 
electrical properties,1-3 with uses in a wide range of potential applications including solar 
cells,4 light-emitting diodes (LEDs),5 sensors,6 energy storage,7-9 thermoelectrics,10-13 
biomedical labelling,14 plasmonics,15, 16 and catalysis.17-19 In recent years, there is a growing 
interest in utilizing the industrial and automobile waste heat using thermoelectric technology 
and hence thermoelectric generators are becoming important due to their ability to directly 
convert the heat gradient into electric potential; the generated potential can also be utilized to 
produce hydrogen using water splitting units.20-25 In such applications, the abundant 
availability of the raw materials is a prerequisite as the devices like thermoelectric 
generators/modules require a large amount of thermoelectric powders to fabricate p-type and 
n-type legs.26-28 Many of the best and commercially successful materials are becoming 
increasingly scarce and expensive.29, 30 Therefore, alternative abundant materials with better 
properties are in urgent demand.29, 31-33 Recently, copper sulfide-based compounds have been 
in focus since the compounds like Cu1.8S and Cu1.97-2.00S were revealed to be promising as 
compared to other expensive and commonly used materials.34, 35 Also, improvements in the 
thermoelectric properties of copper sulfides have been observed by fabricating composites of 
copper sulfides or by incorporating impurities into the copper sulfide matrix.36-38  
In contrast to many other thermoelectric materials, copper sulfides offer long-term 
sustainability due to the high terrestrial abundance of copper and sulfur.10, 39, 40 Due to this 
availability and the low cost, low toxicity and desirable electronic and thermal properties of 
the material, copper sulfide has emerged as a primary candidate for thermoelectric 
applications.12, 39 Many fabrication methods have been reported for the bulk synthesis of 
copper sulfide powders, including melt solidification,35 spark plasma sintering (SPS),41 long 
time mechanical alloying followed by SPS,42, 43 and hydrothermal techniques.44, 45 However, 
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all of these processes are either prohibitively time-consuming or characteristically energy-
intensive due to requisite conditions such as elevated temperature, inert atmosphere, and high 
pressure. Although the solution-phase synthesis of large-scale copper sulfides can conversely 
be achieved at near-ambient conditions, these procedures typically require the use of 
numerous reagents to control or change the oxidation states of the ions or to moderate the rate 
of reaction.46 In general, such reactions produce noticeable waste by-products and also 
exhibit lower yields than the solid-state methods. Here, a low-temperature solution-based 
protocol has been developed that overcomes the problems of existing synthesis procedures, 
enabling the selective, gram-scale synthesis of CuxS powders with controllable stoichiometry. 
Due to the remarkable simplicity of the presented method, there is considerable scope for 
further scale-up as a route towards commercial production of CuxS compounds, in turn 
reducing the production cost of these materials and thereby facilitating the economical 
fabrication of CuxS-based thermoelectric generators. 
EXPERIMENTAL DETAILS 
Synthesis Procedure 
Copper sulfide samples were prepared by directly mixing elemental Cu (99.9%, Alfa Aesar) 
and S (99.5%, Alfa Aesar) powders in hydrazine hydrate/water solvent under open-air 
conditions. Caution: hydrazine hydrate is highly toxic and should be handled with 
appropriate protecting equipment to prevent contact. A general representation of the synthesis 
protocol of the CuxS powders is schematically shown in Figure 1. In a typical synthesis, Cu 
and S powders were added in stoichiometric quantities to a glass vial (20 ml capacity) up to a 
combined mass of ca. 5 g, followed by the dropwise addition of hydrazine hydrate (5 ml) 
under continuous magnetic stirring. The stirring orange-brown suspension was heated slowly 
to 80 ºC, yielding dark brown/black particles after approximately five minutes and the 
subsequent formation of thick slurry after a further 30 minutes; as shown in Figure 2, 
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photographs were recorded at 5 minutes intervals in order to visually track the progress of the 
reaction mixture during this 30 minute period.  
 
Figure 1. Schematic representation of the synthesis protocol for the preparation of bulk 
copper sulfide of desired stoichiometry obtained from Cu and S powders with respective 
starting Cu:S atomic ratio. 
 
Figure 2. Photographs captured at 5 minutes intervals of the initial reaction during the 
synthesis to show the conversion of Cu and S powders into copper sulfide. 
In preparation for more prolonged reaction of the Cu and S precursors, de-ionized 
water (5 ml) was next added to the reaction mixture to decrease the viscosity of the slurry and 
thereby facilitate rotation of the magnetic stir-bar. The mixture was stirred for a period of 4 
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hours at a constant temperature of 80 ºC before cooling naturally to room temperature, 
whereupon the resulting slurry was dispersed in copious de-ionized water and sonicated for 
20 min. The solid CuxS products were collected by centrifugation and dried in an oven at 60 
ºC under open-air conditions.  
A simple thermoelectric generator was fabricated on a microscope glass slide (size: 25 
mm x 75 mm) by connecting ten copper sulfide pellets (diameter 5 mm, thickness ~3.5 mm) 
in series with the help of Cu tape. It is a simple copper sulfide (p‐type) based generator and 
has no corresponding n-type legs. The electrical connection between the pellets and Cu tape 
was established using silver paste.  
Material Characterization 
Powder X-ray diffraction (XRD) patterns of the CuxS products were acquired through use of 
a Bruker D8 diffractometer with Cu Kα radiation, applying a 2θ step-size of 0.025º and 0.5 s 
dwell time. Scanning electron microscopy (SEM) was employed to examine the morphology 
of each powder, using a Hitachi S4800 FE-SEM system with an accelerating voltage of 10 
kV and an emission current of 10 μA. EDX measurements were recorded by an Oxford 
Instruments energy-dispersive X-ray (EDX) detector attached to Zeiss Evo LS25 SEM 
system with 50 mm2 active area, for which an accelerating voltage of 20 kV and emission 
current 20 μA were utilised. To complement these measurements of bulk chemical 
composition, the surface chemistry of each material was investigated through X-ray 
photoelectron spectroscopy performed using a Kratos Axis Supra instrument with Al Kα 
radiation. Sample pellets of 5 mm diameter were prepared using a 2 tonne press with a 
pressing time of 20 minutes, and XPS scans were recorded over a rectangular area of 700 
μmⅹ 300 µm on the pellet surface, with the X-ray power and emission current set to 225 W 
and 15 mA, respectively. XPS survey scan measurements were performed over energy range 
of 0-1200 eV at a step size 1 eV, dwell time 100 ms and pass energy 160 eV. Core level XPS 
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spectra were obtained with pass energy 20 eV, dwell time 1000 ms, and at a step size 50 
meV. A charge neutralizer working at 3.3 V with filament bias of 1.0 V and current of 0.4 A 
was used for the charge compensation. All the XPS spectra were “carbon-corrected” by 
referencing the binding energy of the C 1s peak to a characteristic value of 284.8 eV for 
adventitious organic compounds. The data were processed in CasaXPS software and the core 
level spectra were fitted with Gaussian-Lorentzian components above a Shirley-type 
background.  
For each CuxS compound, the Seebeck voltage (ΔV) across a sample pellet of 5 mm 
diameter (thickness 3.5-6.0 mm), prepared as before, was measured as a function of the 
temperature gradient (ΔT) between the top and bottom faces;  these tests were conducted 
using a lab-built apparatus. From these measurements, the Seebeck coefficient (S) was 




)                                      …………..(1) 
where the voltage contribution of the electrodes were subtracted  from the observed Seebeck 
coefficient by referring standard procedure.48, 49 About 3-5 ºC temperature gradients were 
applied across the pellets and the average of hot side and cold side temperature was 
considered as measurement temperature. Minor shifts of about 1-2 ºC has been applied to 
these average temperatures whenever necessary to make data points of equal gaps, for ex. the 
actual average temperature 24 ºC was treated as 25 ºC or 31 ºC as 30 ºC, and so on. This 
adjustment was necessary to estimate other parameters such as power factor (PF) of the 
samples at different temperatures; it was calculated from the Seebeck coefficient and 
electrical conductivity values of respective temperatures using a standard equation, PF = S2σ, 
where σ is the electrical conductivity.  
The resistivity (⍴) of the pellets was  estimated at temperatures (T) between room 
temperature and 100 ºC using a four-probe technique: by applying a current (I) across the 
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pellet and measuring the potential difference (V) across a second pair of contacts on the 
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where d denotes the distance between the potential probes and A is the cross-sectional area of 
the sample. Then the inverse values of ρ have then estimated to obtain electrical conductivity 
(σ). For these measurements, the measuring apparatus was placed inside a closed oven and 
the temperature was recorded through use of a K-type thermocouple. Furthermore, all 
measurements involved in the estimation of S and σ were averaged over three repeat 
experiments at each value of T, thereby enabling estimation of the experimental uncertainties 
in these quantities. All the pellets used for the measurements were having relative density of 
93-96%. The characteristics of the as-fabricated device was made by heating the underside of 
the device to 40 ºC, 50 ºC, 60 ºC, and 70 ºC and measuring resulting open-circuit voltage (Vo) 
and short circuit current (Io); the power output at each heating temperature was estimated 
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RESULTS & DISCUSSION 
Structural and Chemical Characterizations 
As illustrated schematically in Figure 2, various compositions of CuxS were prepared at 80 ºC 
by mixing elemental Cu and S precursors in the desired stoichiometric molar quantities; each 
synthesis yielded approximately 5 g of product, corresponding to a yield of more than 94%.   
In order to explore the effects of stoichiometry on the thermoelectric properties of CuxS, 
molar Cu:S ratios of 1.00:1, 1.75:1, 1.80:1, and 2.00:1 (these samples will be denoted as S-x 
where x denotes the molar ratio of Cu to S, such as S-1.00, S-1.75, S-1.80, and S-2.00, 
respectively) were selected for the formation of the respective compounds, CuS, Cu1.75S, 
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Cu1.80S, and Cu2S, which are some of the well-known forms of copper sulfide. Due to the 
marked differences between the crystallographic phases of these materials, it was possible to 
employ XRD to identify the presence of particular CuxS compounds within each sample 
powder; diffraction patterns acquired from the four products are presented in Figure 3. With 
the exception of the sample prepared using a Cu:S ratio of 1.80:1, which ostensibly 
comprised a mixture of Cu1.75S and Cu1.80S, each diffractogram is consistent with the 
corresponding JCPDS pattern for the desired stoichiometry of CuxS; for reference, peaks 
from JCPDS card numbers 06-0464, 23-0958, 47-1748 and 09-0328 have been included as 
appropriate in Figure 3 to illustrate the standard diffraction patterns of CuS, Cu1.75S, Cu1.80S 
and Cu2S, respectively. The unwanted presence of Cu1.75S within the S-1.80 sample is 
unsurprising due to the similar stoichiometries of the two materials, and it should be further 
acknowledged that no reagents were utilised to ensure phase-selectivity during the synthesis 
procedure. Indeed, the close agreement between the stoichiometry of the CuxS product and 
the molar ratio of the Cu and S precursors is a remarkable result, demonstrating that a 
particular phase of CuxS may be readily acquired without the use of control measures 
employed in previous studies.52-54 Further, the lattice parameters extracted from the XRD 
patterns are provided in Table S1 of the Supporting Information; they are consistent with 
standard values (standard values were obtained from the JCPDS files), supporting the 
presence of the above phases.  
 The possible mechanism of the formation of copper sulfide from copper and sulfur 
powders can be as follows. In the reaction, S powder reacts with hydrazine hydrate forming a 
complex solution of S ions.55 These as formed S ions are then rapidly react with Cu and 
convert it into copper sulfide. A mild heating of the reaction mixture accelerates the reaction 
between S and Cu. Hydrazine hydrate plays an important role in the conversion of Cu and S 





Figure 3. X-ray diffraction patterns of the CuxS compounds obtained from reaction between 
Cu and S powders in the ratios (a) 1.00:1 (S-1.00), (b) 1.75:1 (S-1.75), (c) 1.80:1 (S-1.80), 





Figure 4. SEM images showing micro-scale particles obtained from the reaction between Cu 
and S powders taken in the ratios (a) 1.00:1 (S-1.00), (b) 1.75:1 (S-1.75), (c) 1.80:1 (S-1.80), 
and (d) 2.00:1 (S-2.00).  
Scanning electron microscopy (SEM) images of the CuxS samples are shown in 
Figure 4; it is evident from these micrographs that all of the compounds contained a variety 
of plate-like structures with typical sizes in the range 0.5-2.0 μm. Alongside the SEM 
characterisation, EDX spectra were recorded in order to further verify the bulk chemical 
composition of each sample powder, as displayed in Figure S1-S2 of the Supporting 
Information. In accordance with the XRD diffractograms in Figure 3, the estimated Cu/S 
molar ratios from the EDX data are approximately consistent with the expected formulae of 
the CuxS products: for the four Cu/S molar precursor ratios of 1.00:1, 1.75:1, 1.80:1 and 
2.00:1, respective molar ratios of 1.09:1, 1.81:1, 1.87:1 and 2.08:1 are obtained from EDX 












Figure 6.   High-resolution XPS measurements of the CuxS samples, where a, c, e, g are fitted 
Cu 2p data, and b, d, f, h are fitted S 2p data of S-1.00 (a-b), S-1.75 (c-d), S-1.80 (e-f), and S-
2.00 (g-h). 
The surface chemistry of the samples was investigated using XPS, including survey spectra 
of the samples recorded over the binding energy range 0-1200 eV and higher-resolution scans 
of the Cu 2p and S 2p spectra; these measurements are displayed in Figure 5 and Figure 6, 
13 
 
with core spectra of C 1s and O 1s provided in Figure S3 of the Supporting Information. The 
compositional analysis of the CuxS samples was estimated using XPS data; all the samples 
have shown Cu deficient Cu/S molar ratios. The Cu/S molar ratios of 0.93:1, 1.39:1, 1.48:1, 
and 1.80:1 are obtained for samples S-1.00, S-1.75, S-1.80, and S-2.00, respectively. In 
contrast, the EDX data in each case has shown quite near Cu/S molar ratios, whereas the 
values from the XPS are largely deviated from the intended stoichiometry. These XPS based 
Cu/S molar ratio values suggest that the surfaces of the all the samples are either Cu-deficient 
or rich with S-containing moieties. Further, the Cu/S ratio is almost double in S-2.00 sample 
that of the S-1.00 sample which suggests that the samples contain similar surface 
concentrations of Cu vacancies or S-containing moieties.    
The measured core-level spectrum of Cu 2p and S 2p in each case is represented by a 
black line, with coloured Gaussian-Lorentzian fitting components (Figure 6). The Cu 2p3/2 
spectrum peak in all cases is situated at a binding energy of 932.1 eV, consistent with 
previous literature on CuS/Cu2S;
56-58 in addition to these components, there are also impurity 
signals in all the samples originating from CuO and Cu(OH)2/CuSxOy.
10 It is quite peculiar 
that there is no change in the position of the main peak of Cu 2p3/2 from the compositional 
variations from CuS (Sample S-1.00) to Cu2S (Sample S-2.00), which suggests that there 
might not be any changes in the nature of Cu in all the compounds. In fact, many XPS studies 
have reported the oxidation state of Cu in CuS as Cu(I) not Cu(II),56, 59 which seemingly 
contradicts the crystal structure based formulation and octet rule. A couple of studies have 
suggested the possible bonding structures of the form of (Cu1+)3(S2
2−)(S1−) or  
(Cu1+)3(S2
1−)(S2−) in CuS and hence found monovalent copper in it,57, 60 whilst other studies 
have reported the presence of both Cu(I) and Cu(II) in CuS with a bonding structure of the 
form of (Cu+)2Cu
2+(S2)
2−S2−.57 However, the oxidation state of Cu in CuS is still under 
debate.57 All the compounds show weak satellites over the energy range 940-945 eV, which 
14 
 
are characteristic of Cu(II) chemical environments arising from CuO, Cu(OH)2 and/or 
CuSO4. The S 2p3/2 peaks of the S2p doublets include a predominant component  at 161.8 eV 
that can be assigned to sulfide (S2-) ions in the CuS lattice, alongside significant contributions 
from disulfide (S2
2-) and polysulfide (Sn
2-) environments with 2p3/2 components centred at 
162.7 eV and 163.6 eV, respectively.61 Additionally, S 2p doublets appearing in the higher 




moieties,61, 62 while a common signal at approximately 159.5 eV  is likely attributable Bi(III) 
contamination originating from the pellet press process. The pellet press was previously used 
for Bi based compounds for several times. So, it is believed that the contamination could be 
from previous materials that were pressed, and also, it can be a contaminant in the Cu or S 
precursors. Notably, the S2- signal of the S-1.00 sample is proportionally weaker than the 
equivalent component of the other samples while the S2
2- doublet is correspondingly more 
pronounced; these features indicate that both S2- and S2
2- environments were prevalent in the 
S-1.00 sample, and the 1:2 area ratio of the S2- and S2
2- components is consistent with the 
reported structure of covellite CuS.59 
As shown in Figure S3 of the Supporting Information, all of the oxygen-containing 
chemical environments identified in the spectra displayed in Figure 6 produced 
corresponding contributions to the O 1s spectrum of each sample. As the reactions were 
carried out without any inert atmosphere, it is likely that formation of these surface groups 
occurred during the synthesis of the copper sulfide compounds. Nevertheless, as it is clear 
from the XRD and EDX measurements provided in Figure 3 and Figure S1-S2, respectively, 
that the bulk materials comprised negligible amounts of these contaminating compounds, one 
may conclude that they were present exclusively at the surface of each sample and 
contributed significantly to the XPS spectra due to the high surface-sensitivity of this 
technique.10   
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Evaluation of Thermoelectric Properties 
As shown in Figure 7, the Seebeck coefficient (S), electrical conductivity (σ) and 
thermoelectric power factor (PF) of CuxS were strongly dependent on the stoichiometric ratio 
between Cu and S. Over the investigated temperature range, S measurements from Cu2S were 
approximately nine times higher than the corresponding values from CuS, while CuxS 
compounds with x=1.75, 1.80, and 2.00 yielded a threefold increase in S relative to CuS. The 
observed room temperature S values of CuxS samples are 10.5 μV K
-1, 25.1 μV K-1, 30.2 μV 
K-1, and 91.6 μV K-1 for x=1.00, 1.75, 1.80, and 2.00, respectively.  Meanwhile, the changes 
in the electrical conductivity are opposite in nature where it was observed decreasing from 
CuS to Cu2S. This kind of systematic increase in the Seebeck coefficient and decrease in the 
electrical conductivity with evolution of copper sulfide from CuS to Cu2S has been well 
reported in the previous studies.13, 63 The typical S value reported in case of CuS is 10-12 μV 
K-1,39, 64, 65 in Cu1.75S, 15-20 μV K
-1,45, 66 and in case of Cu1.80S, it is about 15-30 μV K
-1,13, 34, 
39, 42 but in case of Cu2S, the reported S value has a wide range from  80 μV K
-1 to 300 μV K-
1.10, 35, 67, 68 The measured values of the present work, by and large, are similar to most of the 
previous studies in the presently measured temperature range.  
A brief explanation on the reason behind such a wide variations in the S values in 
Cu2S is discussed with the help of previous literature. A perfectly stoichiometric Cu2S is 
thought to be an intrinsic semiconductor but experimentally it always shows p-type electrical 
properties.39 The p-type electrical conductivity of the Cu2S is predicted to be due to Cu 
vacancies in the compound;39 as each Cu vacancy creates a hole inside the material, the hole 
concentration and associated p-type conductivity increases as a function of the density of 
vacancies within the material (the electrical conductivity is directly related to the number of 
charge carriers according to the equation σ = neµ, where n, e, µ are the number, charge, and 
mobility of the carriers). For this reason, varying the concentration of vacancies in a CuxS 
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sample has a considerable influence on the Seebeck coefficient of the material.10, 63, 67 In 
general, the Seebeck coefficient (S) of a CuxS compound diminishes as the hole concentration 












                    ........................(4) 
where kB, h, e and m* denote the Boltzmann constant, Planck’s constant, and the charge and 
effective mass of valence holes, respectively.  
Although there was conversely little variation between the PF measurements of CuS, 
Cu1.75S and Cu1.80S, with all three samples exhibiting PF values in the range 30-38 µW m
-1 
K-2, Cu2S produced a significantly greater power factor, reaching 84 µW m
-1 K-2 at 100 ºC. In 
combination, the relative S and PF characteristics of the four samples indicate that the Cu 
rich CuxS is potentially beneficial for thermoelectric applications, with Cu2S offering S and 
PF values of 91 μV K-1 and 58 µW m-1 K-2, respectively, at room temperature; these 
measurements are consistent with comparable literature estimates for Cu2S in the presently 
measured temperature range. Typical range of PF reported for Cu2S are about 30-100 µW m
-1 
K-2 around room temperature and high PF of 250-300 µW m-1 K-2 have been reported at 
higher temperatures (above 700 K).10, 35, 68, 70 While the measured variations in S and PF as a 
function of chemical composition are similarly representative of trends reported elsewhere.10, 





Figure 7. Measurements of the Seebeck coefficient for the four CuxS samples (a), alongside 
corresponding measurements of the electrical conductivity (b) and thermoelectric power 




Thermoelectric Device Characterization 
In order to explore the thermoelectric current-voltage characteristics of a CuxS-based 
thermoelectric generator, the electrical response of an interconnected arrangement of ten 
CuxS pellets was investigated under the application of different temperature gradients. For 
this purpose, Cu2S was selected due to the superior Seebeck coefficient which is important to 
generate a good output voltage from the device, and thermoelectric power factor it exhibited 
relative to other CuxS compounds; the constituent Cu2S pellets of the prototype 
thermoelectric module are pictured in Figure 8a, alongside photographs of the completed 
device in Figure 8b and c. 
 After heating the underside of generator to temperatures in the range 40-70 ºC, the 
thermoelectric open-circuit potential (Vo) generated between all the ten Cu2S pellets was 
measured in addition to the short-circuit current (Io) produced by the device; these 
measurements are plotted in Figure 8d. Both Vo and Io increased markedly as the base 
temperature of the device was incrementally raised, reaching respective values of 30.9 mV 
and 0.44 mA at 70 ºC; producing a power output of 3.4 μW. Further, the surface power 
density and volume power density have been estimated by considering total cross-sectional 
area and volume of the thermoelectric elements (copper sulfide pellets) respectively, and the 
corresponding plots are provided in Figure S4 of the Supporting Information. The observed 
maximum values of surface and volume power density are 1.7 µW cm-2 and 4.9 µW cm-3 at 
70 ºC, respectively. The power output characteristics are comparable to literature estimates 
for materials such as Te/polymer composites, expensive polymers such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), TiS2, CuSe, and other metal 
chalcogenide based devices, indicating that Cu2S could serve as a potentially competitive 
basis for thermoelectric devices.71-76 Also, as the new type of flexible thermoelectric devices 
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are becoming more popular,76-78 CuxS can be utilized to replace expensive compounds in 
combination with polymer/organic compounds.77  
.  
 
Figure 8. Photographs showing the Cu2S pellets (a) employed in a prototype thermoelectric 
generator module comprising ten Cu2S pellets (b-c), in addition to the measured open‐circuit 
voltage (Vo) and short‐circuit current (Io) of the device at different hot-side temperatures (d) 






The present work shows that the bulk copper sulfide samples could be synthesized from a 
facile and low-cost synthesis method using constituent elements. The Cu:S molar ratio in the 
product could then be tuned from 1.00:1 to 2.00:1, by simply varying the masses of starting 
elemental Cu and S powders without the need of specific chemicals or reagents to control the 
reaction process. Moreover, the present protocol can be easily adapted and scaled-up for a 
large-scale production of copper sulfides by increasing volume of the reaction. A systematic 
variation in the thermoelectric properties of the compounds with respect to their Cu/S molar 
ratio has been observed which is consistent with the previous literature. The impurities in the 
materials possibly originate from oxidation of the particles during open-air synthesis, and 
hence it is predicted that higher purity could be achieved by carrying out the synthesis 
procedure under inert atmosphere. Hydrazine hydrate was preferred in the present protocol as 
its combination with sulfur works better and sulfur readily dissolves in it; assists quick 
release of sulfur ions and hence fast reaction.55, 65 Assuming a linear relationship between 
thermoelectric potential and current, a thermoelectric generator module comprised of ten p-
type copper sulfide pellets was capable of producing an estimated maximum power output of 
3.4 µW at 70 ºC, demonstrating that the material offers a promising alternative to the toxic 
and expensive materials used in typical commercial thermoelectric devices. As the copper 
sulfide-based compounds exhibit unique electronic properties as they exhibit very low 
thermal conductivity of less than ~0.5 W m-1 K-1 despite their good electrical conductivity,10, 
12 which is an important factor to achieve higher thermal gradients in the generators; they are 
also attractive candidates for several other applications such as in solar cells, energy storage, 
and photocatalysis.79 The present synthesis protocol can in general be applied to produce 





The Supporting Information is available free of charge at http://pubs.acs.org/ 
Lattice parameter values; EDX data and XPS spectra (C 1s and O 1s) of CuxS samples; 
output power density data of the test generator. 
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